In this work, we use the liquid ammonia method to successfully intercalate potassium atoms into ZrTe5 single crystal, and find a transition from semimetal to semiconductor at low temperature in the intercalated ZrTe5. The resistance anomalous peak is gradually suppressed and finally disappears with increasing potassium concentration. Whilst, the according sign reversal is always observed in the Hall resistance measurement. We tentatively attribute the semimetal-semiconductor transition to the lattice expansion induced by atomic intercalation and thereby a larger energy band gap.
Introduction
Study of Zirconium pentatelluride (ZrTe5) was initiated about three decades ago owing to its potential in thermoelectricity and the resistance anomaly etc [1] [2] [3] [4] [5] [6] [7] [8] .
state at low temperature and the resistance maximum is located at ~130-150 K, which indicates that bulk states of ZrTe5 contribute to the electrical conductivity. A recent study showed that such metallic state may be induced by the intrinsic Te defects induced during CVT growth, and an alternate Flux growth method may help reduce such defects and realize semiconductor at low temperature [44] .
In this study, we successfully intercalate potassium atoms into ZrTe5 single crystal by liquid ammonia route, which makes it possible to gradually tune the electronic structure of ZrTe5. Electrical transport measurement shows a smooth evolution from metallic to insulating behavior at low temperature upon increasing the potassium concentration, which is accompanied by the suppression of resistance maximum. Raman spectroscopy measurement indicates that the van der Waals gap of ZrTe5 is enlarged by intercalation, resembling to a negative pressure applied along the b-axis. Therefore, it can be understood that such metal-semiconductor transition is induced by the increased band gap through lattice expansion. Furthermore, Hall resistance measurement always shows the sign reversal between 120 K and 160 K, no matter whether the resistance peak is suppressed or not, implying that the anomalous resistance peak may not be necessary to accompany with the carrier type reversal.
Experimental methods
Single crystal ZrTe5 was grown by chemical vapor transport (CVT) method with iodine (I2) as the transport agent, as described in the previous report [45] . The Kintercalated ZrTe5 sample was obtained through the liquid ammonia route [46, 47] . At first, the ZrTe5 single crystal and the potassium sheet were placed into the quartz tube.
Secondly, the quartz tube was then sealed and vacuumed, and then placed into a cold trap consisted of the alcohol / water mixture. High-purity ammonia gas (99.999%) was introduced into the quartz tube and condensed as liquid ammonia to immerse the samples. The potassium pieces were dissolved into liquid ammonia and intercalated into ZrTe5 single crystal. After the intercalation, the liquid ammonia was pumped away. Electrical resistance measurements were carried out in a physical property measurement system (PPMS) from Quantum Design. The Raman spectroscopy was measured using a WITec alpha 300R with a laser of 532 nm.
Results and Discussion
The schematic illustration of the ZrTe5 single crystal with K atoms intercalated in the van der Waals gap is shown in the inset to Fig. 1 . ZrTe5 is a quasi-two-dimensional layered material which has an orthorhombic crystal structure with the space group of Cmcm ( 2ℎ 17 ) [1, 48] . In ZrTe5 single-layer sheet, each Zr atom is surrounded by three The current was applied along the a-axis. For the pristine ZrTe5 single crystal, the R-T curve exhibits an anomalous resistance peak around Tp = ~135 K, and a typical metallic behavior at temperatures below Tp, in agreement with previous reports [45] .
Surprisingly, the low temperature resistance is tremendously increased upon the K intercalation. As x is greater than ~0.27, the sample undergoes a semimetal to semiconductor transition at low temperature. Meanwhile, the anomalous resistance peak is always persisted at ~135 K, but its intensity is gradually decreased and finally disappears when x is greater than ~0.55. 
(from 0 T to 5 T). It can be seen that MR(H) roughly follows a ~√ dependence at low temperature, indicating the existence of weak antilocalization effect [49] .
Furthermore, the temperature dependence of MR shares a similar trend as the intrinsic ZrTe5, particularly the CVT sample [44] : The magnitude of MR drops first and then rises with increasing temperature, as shown in Fig 2(a) . It is noteworthy that the resistance peak is completely suppressed as indicated in the R-T plot of Fig. 1 . Even though the trend is similar, the positive MR effect in KxZrTe5 is significantly weakened by about one and a half orders of magnitude. For instance, previous study showed the MR of ~900% at 5T for CVT ZrTe5 [44] , while that of K0.55ZrTe5 is only ~17%. Therefore, it is suggested that the influence of the magnetic field on resistance is small but not negligible.
Figure 3
Temperature dependence of carrier density (a) and mobility (b) for K0.55ZrTe5 extracted from the fitting to Hall conductivity.
As shown in Fig. 2(b) , the Hall resistance Rxy exhibits a negative slope at low temperatures of T ≤ 120-160 K, indicating the electron carriers dominated transport.
As temperature is increased to ~160 K, the Hall resistance near zero field undergoes a dominates. Even though the resistance peak is completely suppressed, the sign reversal still occurs just near the initial Tp (~135 K) for the intrinsic ZrTe5. We believe the similar mechanism of temperature induced Lifshitz transition [26] is still valid to explain the phenomena.
To quantitatively understand the transport properties, Hall conductivity, = at T = ~20 K. In comparison with intrinsic ZrTe5, the carrier density is about five orders of magnitude lower, but the mobility has no significant change, consistent with the semiconducting behavior observed in our R-T measurement. At T ≈ ~160 K, the hole carrier starts to appear. The mobility of hole carriers is greater than that of electron carriers, but the density of hole carriers is smaller, thus corresponding to an initial positive slope in ρxy (H) followed by a change to negative, consistent with previous studies [44] . At higher temperature, two hole carriers dominate, and meanwhile the electron carriers disappear. It is noteworthy that the temperature dependence of the mobility of hole carriers is similar to that observed in Flux-grown ZrTe5 [44] . The observation of carrier type reversal as temperature increases support the Lifshitz transition. Besides the electron-hole pocket competition, the carrier mobility and density may also play a role in the formation of the resistance peak, which has been proposed in the previous study for ZrTe5 nanosheets [42] .
As reported previously [44] , the flux ZrTe5 single crystal showed the semiconducting-like behavior as well, which was ascribed to the decrease of Te vacancies. In our K intercalated ZrTe5, a difference mechanism should apply, because 1) the location of resistance peak is not changed but the intensity is greatly suppressed, and 2) the electron -hole carrier type transition is still observed between 120 K -160 K. If only taking into account the electron doping effect, the Fermi level should move upward, and thus an opposite phenomenon should be observed, i.e., the sample should be more metallic behavior at low temperature and the resistance peak should move to higher temperature. Therefore, it suggests that the electron doping effect may play a negligible role. To further characterize the structural change upon K intercalation, Raman spectroscopy measurement is performed for ZrTe5 before and after intercalation, as shown in Fig. 4 . According to previous reports [50] [51] [52] that the lattice constants are changed upon intercalation. According to the previous high pressure study [40] , the application of pressure makes the Raman peak at 145.8cm -1 blue-shifted, and simultaneously results in the compressed interlayer space.
It is thus reasonable to expect in the opposite way that the red-shift of Raman peak, as observed in K0.58ZrTe5, is induced by the enlarged interlayer space and weakened interlayer coupling. Therefore, the atomic intercalation plays a "tensile pressure"-like role to enlarge the lattice constant along b axis. Similar intercalation induced lattice expansion has also been reported in some other layered materials [53, 54] . However, in the recent study of K intercalated WTe2 [47] , there is no detectable lattice expansion. The reason is not clear why the intercalation induces lattice expansion in some materials, but not for others. Combined with all the above-mentioned results and analysis, a reasonable mechanism can be drawn to explain the observed phenomena, as illustrated in Fig. 5 .
The pristine ZrTe5 single crystal grown by CVT method is an electron-doped semiconductor which exhibits metallic behaviors at low temperatures, the abnormal resistance peak is caused by temperature-induced Lifshitz transition, as illustrated in Fig. 5(a) . Intercalation of K into ZrTe5 applies an effective "negative pressure" and induces the lattice expansion especially in the b-axis. Assuming the pristine ZrTe5 is Dirac semimetal or weak TI, such a lattice expansion will definitely enlarge the band gap. As a result, competition between the lattice expansion and electron doping makes the Fermi level located in the band gap region, as shown in Fig. 5(b) , and thus an insulating behavior at low temperature.
Conclusion
In conclusion, the liquid ammonia method is employed to intercalate alkali metal K into single crystal ZrTe5, inducing the lattice expansion and then enlarging the band gap. As a result, the ZrTe5 is tuned from semimetal-like to insulating state at low temperature. Hall sign reversal indicates the presence of Lifzhitz transition.
Positive magnetoresistance effect follows a ~√ dependence at low temperature, which can be attributed to the weak antilocalization effect. This work provides an ideal material platform of insulating ZrTe5 for further explorations, particularly regarding to the transport properties of the topological edge states.
